Epicardial breakthrough waves (EBW) during atrial fibrillation are important elements of the arrhythmogenic substrate and result from endo-epicardial asynchrony, which also occurs to some degree during sinus rhythm (SR). We examined the incidence and characteristics of EBW during SR and its possible value in the detection of the arrhythmogenic substrate associated with atrial fibrillation.
picardial breakthrough waves (EBW) during atrial fibrillation (AF) result from endo-epicardial asynchrony (EEA) and are important elements of the arrhythmogenic substrate. 1, 2 In patients with persistent AF, a 4-fold higher incidence of EBW was observed compared with patients with induced AF. 2 During AF, EBW appear frequently, are nonrepetitive, and have a widespread distribution over the right atrium (RA) and left atrium (LA). 3 In addition, clearly identifiable R waves were observed in EBW fibrillation potentials recorded at the breakthrough origin, distinguishing EBW from ectopic focal activity giving rise to potentials consisting of only an S deflection. 2 On the basis of these observations, EBW are presumed to be the result of transmural conduction through muscular bundles connecting the endo-with the epicardial layer, as has been demonstrated in several experimental studies. 4, 5 Schuessler et al 4 performed simultaneous endo-and epicardial activation mapping during sinus rhythm (SR), pacing, and AF in isolated canine atria and observed EBW. During AF, it was assumed that these EBW were the result of transmural reentry using muscle bundles allowing con-
WHAT IS KNOWN
• During atrial fibrillation, epicardial breakthrough waves are important elements of the arrhythmogenic substrate, resulting from endo-epicardial asynchrony.
• A certain amount of endo-epicardial asynchrony is already present during sinus rhythm because of the oblique transmural angle of propagating wavefronts and the presence of areas of conduction disorders.
WHAT THE STUDY ADDS
• Epicardial breakthrough waves do not only occur during atrial fibrillation but are also frequently observed during sinus rhythm, affecting 37% of patients.
• Features of epicardial breakthrough waves, as demonstrated in the present study, provide further evidence of transmural conduction as the underlying mechanism • Epicardial breakthrough waves are the result of a certain degree of endo-epicardial asynchrony and the presence of an anatomic substrate, which may be particularly enforced by ischemic heart disease.
duction between the endo-and epicardial layers. 4 Transmural reentry as the underlying mechanism of EBW was indeed confirmed by Gray et al 5 using transillumination recordings in the Langendorff-perfused sheep heart.
For transmural conduction to occur, a certain degree of EEA is mandatory. 2 Recent simultaneous endo-and epicardial mapping studies in humans have demonstrated a high degree of EEA in patients with AF reaching 56% of the recorded atrial sites. 6, 7 EEA does not only exist during AF but also during SR, particularly in areas with a thicker atrial wall. 4 Local activation times measured at opposite endo-and epicardial recording sites showed differences up to 13 ms. 4 The oblique transmural angle of wavefronts propagating through the atrial wall and the presence of areas of conduction disorders, for example, caused by deposition of fibrotic tissue, enhances EEA. [8] [9] [10] [11] [12] We hypothesized that EEA during SR, resulting in the presence of EBW, is more pronounced in patients with electric or structural remodeled atria because of, for example, underlying heart disease or episodes of AF.
We therefore conducted a high-resolution epicardial mapping study to examine the incidence and characteristics of EBW during SR in a large cohort of patients with ischemic heart disease (IHD), valvular heart disease (VHD), or combined heart disease (I/VHD), with or without a history of AF.
METHODS

Study Population
The study population consisted of 381 successive patients undergoing elective open heart surgery in the Erasmus Medical Center Rotterdam with a minimum age of 18 years. Patients underwent either coronary artery bypass grafting, aortic or mitral valve surgery, or a combination of valvular and bypass grafting surgery. This study was approved by the institutional medical ethical committee (MEC2010-054/MEC2014-393), 13, 14 and written informed consent was obtained from all patients.
Postoperative rhythm monitoring by ECG and Holter recordings, derived from the moment of arrival on the intensive care unit until the fifth postoperative day or until hospital discharge, were used for detection of early postoperative AF. Clinical data were extracted from electronic patient files.
Mapping Procedure
Epicardial high-resolution mapping was performed before commencement to extracorporal circulation, as previously described in detail. 15 A bipolar epicardial pacemaker wire, serving as a temporal reference electrode, was stitched to the RA free wall. A steel wire fixed to subcutaneous tissue of the thoracic cavity served as indifferent electrode.
Epicardial mapping was performed using a 128 unipolar electrode array, which was later replaced by a 192 unipolar electrode array (electrode diameter, respectively, 0.65 or 0.45 mm, interelectrode distances 2 mm). Mapping was conducted by shifting the electrode array along predefined areas of the RA and LA between anatomic borders in a systematic order, covering the entire atrial epicardial surface, as illustrated in Figure 1 .
The RA was mapped in 4 consecutive horizontal lines (RA1-4) from the cavotricuspid isthmus toward the RA appendage, perpendicular to the inferior caval vein and superior caval vein. Mapping of Bachmann's bundle (BB) was performed from the tip of the LA appendage toward the superior cavoatrial junction. The pulmonary vein area was mapped from the sinus transversus along the borders of the right and left pulmonary veins (PVR, PVL) down toward the atrioventricular groove. The left atrioventricular groove (LAVG) was mapped from the lower border of the left inferior pulmonary vein (LA1) toward the LA appendage (LA2).
At every mapping site, 5 s of SR was recorded, including a surface ECG lead, a calibration signal of 2 mV and 1000 ms, a bipolar reference electrogram, and all unipolar epicardial electrograms. Figure 1 shows all mapping locations, including RA1-4, BB, LA1-2, PVR, and PVL, on a schematic posterior view of the atrial surface.
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Activation Mapping of the Atrial Epicardium
The steepest negative slope of atrial potentials recorded at every electrode was annotated to construct a local activation map during 5 s of SR; atrial extrasystolic beats were excluded from analysis. 2, 6, 16 When the time difference between 2 adjacent electrodes was <12 ms (17 ms for oblique distances), the electrode site was added to the territory of the surrounding wave. This cutoff value was based on previous studies reporting an effective atrial conduction velocity for continuous waves of 17 cm/s. 16 Time differences of, respectively, ≥7 and ≥12 ms between adjacent electrodes are marked as areas of conduction delay (CD) and conduction block (CB).
Epicardial Breakthrough Waves
EBW were defined as new wavefronts arising in the middle of the mapping area which could not be explained by propagation of a wavefront in the epicardial plane. Similar to EBW during AF, EBW during SR had to meet the following criteria, which have previously been described in detail 2,3,6,16 : 1. the breakthrough site must be located at least 2 electrodes away from the border of the mapping array. In case of electrograms of poor quality recorded from the edge of the mapping array, at least 1 reliable activation time should be available between the breakthrough site and the border of the mapping area; 2. the breakthrough site had to be activated earlier than all surrounding electrodes, unless the breakthrough site was the earliest activated site of a new wavefront arising after a line of CB, as shown in the example in Figure 1 . If electrodes adjacent to the origin were activated simultaneously, all electrodes surrounding this area should also be activated later; 3. the breakthrough site had to be present in every successive SR beat; 4. electrograms in the breakthrough region should not be distorted by, for example, artifacts or QRS complexes; and 5. slope, amplitude, and duration of potentials at the breakthrough origin had to be, respectively, ≥0.05 V/s, ≥0. 2 mV, and ≤35 ms, as previously described. 6 EBW of which the origin was also the earliest activated site of the RA were assumed to be the result of sinus node activity and will be referred to as sinus node breakthrough waves (SNBW). These SNBW will be described separately. Spatial distribution of EBW was examined by assigning them to atrial regions, as displayed in Figure 1 , including the superior intercaval, inferior intercaval, superolateral, and inferolateral region of the RA, BB, LAVG, and pulmonary vein area.
Prematurity indices of SNBW and EBW were calculated by dividing the averaged SNBW and EBW cycle length (CL) by the average SR CL based on 5 s of recorded SR and presented as a percentage.
Statistical Analysis
Normally distributed data are described by mean±SD (minimum-maximum) and analyzed with a Student t test or a 1-way ANOVA. Our patient population is of sufficient size to also perform t tests or ANOVA on data following a skewed distribution because the distribution of their means in multiple sample tests will follow normality. However, representation of these skewed data by means and SDs may give a misleading view. Therefore, we chose to describe skewed data by median (minimum-maximum) and analyzed these data with nonparametric tests, that is, Kruskal-Wallis test or Mann-Whitney U test. Categorical data are expressed as numbers and percentages and analyzed with χ 2 or Fisher exact test when appropriate. A P value <0.05 was considered statistically significant.
RESULTS
Study Population
Characteristics of the study population (N=381, 289 male (76%), aged 67±10 years) are summarized in Table 1 . Patients either had only IHD (N=231, 61%), only VHD (N=85, 22%), or I/VHD (N=65, 17%). VHD (N=150, 39%) was categorized by the predominant valvular lesion and consisted of aortic valve stenosis (N=82, 22%), mitral valve insufficiency (N=58, 15%), aortic valve insufficiency (N=9, 2%), or mitral valve stenosis (N=1, 0.3%).
A minority of patients (N=59, 16%) had a history of AF, which was more prevalent in patients with mitral valve disease (MVD; N=23, 39%) compared with patients with aortic valve disease (AVD; N=19, 21%) or only IHD (N=17, 7%; P<0.001). Most patients had a normal left ventricular function (N=289, 76%) and the majority used class II (N=259, 68%) or III (N=16, 4%) antiarrhythmic drugs. Patients were mapped with either a 128 polar (N=219, 57%) or a 192 polar electrode array (N=162, 43%). Mean SR CL was 858±176 ms (473-1458 ms).
For all performed analyses as described in the Results section, there were no differences between patients with VHD or I/VHD; therefore, these 2 patient groups were combined and referred to as (i)VHD. Figure 2 shows 6 examples of color-coded activation maps in which the origin of the SNBW or EBW is indicated by a white asterisk; arrows display main trajectories of breakthrough waves. These EBW activate a relative large area before merging with the SR wavefront propagating in the epicardial plane. Figure 2 shows an EBW located at BB, in which the peripheral wavefront enters the mapping array from the lower left side. An EBW emerges just below the center of the mapping array, which merges with the peripheral wavefront at 11 ms and activates the remaining surface toward the upper part of the mapping array. Similar patterns of activation and merging of wavefronts can be seen in the other maps displayed in Figure 2 . Unipolar potentials recorded at the origin of the breakthrough sites and the 8 surrounding electrodes are shown next to the activation maps and will be discussed.
Incidence of EBW
EBW may also occur after a line of CB, as exemplified in the lower right activation map shown in Figure 1 . Here, an EBW first emerges in the center of the mapping array and activates the surrounding atrial surface. In the upper right part of the mapping area, the area AF indicates atrial fibrillation; BSA, body surface area; I/VHD, ischemic and valvular heart disease; IHD, ischemic heart disease; and VHD, valvular heart disease.
behind the long line of CB (thick black line) is 58 ms later activated by another EBW.
A total of 275 EBW were observed in 168 patients (44%), of which 57 (21%) occurring at the RA were SNBW, as their origin was the earliest activated site during SR. The remaining 218 EBW were observed in 140 patients (37%), including 105 EBW (48%) at the RA, 27 (12%) at BB, and 86 (40%) at the LA. A minority of 28 EBW (13%) occurred after a line of CB. Figure 3 illustrates the incidence of EBW and the number of EBW per patient in subjects without or with AF (upper) and subjects with IHD or (i)VHD (lower). EBW occurred in 123 patients (38%) without a history of AF compared with 17 subjects (29%) with AF (P=0.109).
Seventy-nine patients (25%) without AF had only 1 EBW, compared with 9 patients (15%) with AF, as displayed in Figure 3 (upper right) . A combination of ≥2 EBW occurred in 44 patients (14%) without AF and 8 patients (14%) with AF. There was no difference in the number of EBW per patient between subjects without and with a history of AF (P=0.518).
As displayed in Figure 3 , EBW were present in 114 patients (49%) with IHD, compared with 26 patients (17%) with (i)VHD (P<0.001). Multiple EBW were more often observed in patients with IHD (N=46, 20%) compared with (i)VHD patients (N=6, 4%; P<0.001).
When distinguishing AVD from MVD and IHD, there was a gradual increase in the incidence of EBW from 13% (N=12) in AVD patients to 24% (N=14) in MVD patients and 49% (N=114) in IHD patients (P<0.001). Table 2 .
Electrogram Morphology of EBW
Examples of EBW and their unipolar electrograms recorded at the origin of the breakthrough sites and the 8 surrounding electrodes are shown in Figure 2 . A large variation in the amplitude and morphology of unipolar electrograms recorded at EBW origins was observed, including single potentials with only an S wave (Figure 2 , upper left), single potentials with an rS or RS morphology (Figure 2 , upper middle and right), double potentials (Figure 2 , lower left and middle), and fractionated potentials (Figure 2, lower right) .
Incidences of electrogram morphologies recorded at the origin of SNBW and EBW are shown in Figure 4 . Electrograms at the origin of 57 SNBW consisted of single (N=24, 42%), double (N=16, 28%), or fraction- ated potentials (N=17, 30%). In case of a single potential, the majority showed only an S wave (N=19, 79%), whereas 21% (N=5) showed an rS-wave morphology, as displayed in Figure 4 (middle left).
Electrograms at the origin of 218 EBW consisted of single (N=81, 37%) or fragmented potentials (N=137, 63%), which were either double (N=89, 41%) or fractionated (N=48, 22%; Figure 4 , upper left). Single potentials were either without (N=10, 12%) or with an R wave (N=71, 88%). Those with an R wave showed an RS (N=21, 30%) or rS (N=50, 70%) morphology, as shown in Figure 4 (middle left).
Electrogram morphology differed significantly between EBW occurring behind a line of CB and EBW that did not occur behind a line of block (P<0.001), as shown in Figure 4 (upper right). More than half of the unipolar electrograms recorded at the origin of EBW presenting after CB consisted of fractionated potentials (N=15, 54%), whereas this was only 17% (N=33) of EBW occurring in areas without CB. The incidence of double potentials was similar between EBW in areas without CB and those occurring behind CB (N=78, 41% and N=11, 39%, respectively). Single potentials were far more often observed in EBW not arising after a line of CB (N=79, 42%) compared with EBW after block lines (N=2, 7%).
In addition, electrograms of EBW origins recorded at the RA and BB more often showed double and fractionated potentials than electrograms recorded at the LA (P<0.001), as shown in the middle right and Figure 4 , lower left.
No difference in electrogram morphology was observed between patients without and with AF (P=0.882), nor between patients with IHD and with (i)VHD (P=0.207; Figure 4 , lower right).
Spatial Distribution of EBW
As summarized in Table 3 , EBW were most prevalent at the RA (N=105), followed by the LA (N=86) and BB (N=27). Most EBW at RA occurred in the superior intercaval region (N=56, 53%), followed by the superolateral (N=23, 22%) and inferior intercaval region (N=21, 20%). Only a minority of EBW at RA occurred at the inferolateral region (N=5, 5%). Of the EBW observed at LA (N=86), most were located at the LAVG (N=67, 78%) in comparison to the pulmonary vein area (N=19, 22%). Most patients had EBW at a single atrial site (N=88, 63%), whereas in 52 patients (37%), EBW were observed at multiple atrial sites (range 2-6).
As shown in Table 4 , a combination of multiple EBW occurred most frequently at the superior intercaval region (N=13, 25%), followed by a combination of multiple EBW at the LAVG (N=8, 15%) and a combination of the LAVG and BB (N=7, 13%).
As indicated in Table 3 , the spatial distribution of EBW over RA, LA, and BB was similar between patients with and without AF and between patients with IHD and (i)VHD. Figure 5 displays CL recorded at the origins of SR, SNBW and EBW. Median SR CL was 862 ms and, as expected, did not differ from median SNBW CL (869 ms) and EBW CL (854 ms; P=0.606). SNBW and EBW CL were highly correlated with SR CL (Pearson ρ, 0.986; P<0.001 and Pearson ρ, 0.904; P<0.001, respectively). Median prematurity indices of SNBW and EBW were, respectively, 100% and 100%, as visualized in Figure 5 .
Prematurity of EBW
Early Postoperative AF
Postoperative ECG Holter recordings were available for 350 patients (92%). For the remaining 31 patients (8%), ECGs were available for detection of AF.
A total of 140 patients (37%) developed early postoperative AF, of whom in 109 patients (78%) AF was de novo. The presence of EBW during SR did not predispose for the development of early postoperative AF (P=0.732). Also, neither the number of EBW nor the type of EBW, that is, EBW occurring after CB, was associated with the development of postoperative AF (P=0.968 and P=0.605, respectively).
DISCUSSION Key Findings
EBW occur frequently during SR and were observed in over one third of the patients. They particularly emerged in thicker regions of the atria, such as the RA and the LAVG near the LA appendage. The majority of unipolar SR electrograms recorded at EBW origins consisted of either double or fractionated potentials, indicating local asynchronous activation. In addition, the vast majority of single potentials of EBW had a clearly identifiable R peak, indicating propagation of a wavefront from deeper layers within the atrial wall toward the epicardium.
These observations suggest that muscular connections between endo-and epicardium underlie EBW and AF indicates atrial fibrillation; BB, Bachmann's bundle; EBW, epicardial breakthrough wave; IHD, ischemic heart disease; IIC, inferior intercaval; IL, inferolateral; (i)VHD, (ischemic and) valvular heart disease; LA, left atrium; LAVG, left atrioventricular groove; PVA, pulmonary vein area; RA, right atrium; SIC, superior intercaval; and SL, superolateral. that a slight degree of EEA, necessary for the occurrence of EBW, is already present during SR.
Features of EBW During SR
EBW during SR were observed in a large number of patients. Of the EBW observed at RA, a considerable number represented the earliest activated site during SR (ie, SNBW). Although some electrograms recorded at the SNBW origin contained potentials with a small R wave, the vast majority consisted of potentials with an S-wave morphology. This finding supports the hypothesis that these SNBW most likely resulted from automatic cellular discharge, hence sinus node activity. In contrast, the vast majority of electrograms recorded at the origin of EBW that were not the result of sinus node activity showed clearly identifiable R waves, indicating the presence of depolarization waves approaching the epicardial surface. This feature suggests that these EBW originated from deeper layers of the atrial wall.
We observed a high incidence of double and fractionated potentials at EBW origins, indicating asynchronous activation of adjacent cardiomyocytes. 17 Durrer et al 18 reported that epicardial excitation patterns reflect the movement of endocardial and intramural fronts, as the activation front does not actually spread over the epicardial surface, but excitation spreads from endocardium to epicardium. Therefore, he assumed that epicardial activation patterns generally reflect endocardial excitation, in which slight variations in wall thickness, for instance, because of the presence of muscle bundles or because of pathological processes such as fibrotic depositions, may account for asynchronous activation of closely adjacent epicardial areas. 18 The higher incidence of EBW in IHD patients may be explained by extensive areas of myocardial ischemia and fibrotic depositions at the atrial myocardium associated with the presence of coronary artery disease, leading to areas of slowing of conduction, CB, and enhanced local dispersion of refractoriness. 19, 20 Our observations support the hypotheses that EBW are indeed the result of structural remodeling because of underlying cardiac diseases. If areas of CB occur in the 2-dimensional epicardial plane, it is likely they are also present in 3-dimensional endo-epicardial plane. The resulting EEA then enables transmural conduction to occur.
EBW are presumed to result from EEA and are important elements of the arrhythmogenic substrate underlying AF. Previous studies reported that the incidence of EBW during AF is considerably higher in patients with longstanding persistent AF in comparison to electrically induced AF 2, 16 and that during AF, EBW appear throughout the entire atrium in a nonrepetitive manner without evident predilection sites. 3, 7 The fact that EBW during AF were mostly nonrepetitive events is likely a direct result of the beat-to-beat variation in atrial activation patterns during AF. Con- sequently, EBW appear on various sites, depending on excitability of the epicardial layer at the specific moment that wavefronts propagate through the asynchronously activated endo-epicardial layer.
The key feature of SR is that every beat results in more or less the same activation pattern. Thus, the SR wavefront of every beat will reach electrically dissociated sites from the same direction. In the presence of a muscular connection between the endo-and epicardial layer, the wavefront appears at the same epicardial site during each consecutive SR beat, as we observed in our mapping data.
One could argue that EBW occurring during each consecutive SR beat are in fact the result of ectopic transmural foci, which also create unipolar potentials with small R waves. However, our study showed that CL of EBW and CL of SNBW did not differ from CL of consecutive beats recorded at the origin of SR and that prematurity indices of EBW and SNBW were 100%. When EBW would be the result of focal discharge, competition with the sinus node would be expected; CL would then likely be shorter, and a certain degree of prematurity would be present.
Spatial Distribution of EBW During SR
Most EBW occurred at the RA, which corresponds with the more chaotic architecture of RA compared with LA. Wall thickness of RA is much less uniform than of LA because of the terminal crest and its pectinate muscles which constitute a considerable proportion of RA. 21 RA wall thickness varies from 5 to 8 mm at the terminal groove to about 2 mm at the anterior and posterior side of the vestibulum of the tricuspid valve. 21 This chaotic architecture caused by alternating thick and thin areas facilitates EEA and thus transmural conduction from the endo-to the epicardial layer and vice versa, as demonstrated previously in sheep atria. 5 In support of our hypothesis, double and fractionated potentials were more frequently observed at RA and BB as opposed to the LA.
EBW: Depiction of the Arrhythmogenic Substrate?
Features of EBW electrogram morphology in combination with the repetitive occurrence of EBW during SR, their higher prevalence in patients with IHD, and the fact that they occur mostly on thicker atrial regions, such as the RA, all indicate the presence of an anatomic substrate. This anatomic substrate can be physiological, such as the mere fact that the presence of myocardial bundles cause certain areas of the atrial wall to be slightly thicker and therefore result in EEA, enabling EBW to occur. To a certain extent, the presence of a limited number of EBW merely as a result of EEA because of physiological differences in wall thickness in otherwise electrically and structurally normal atria is assumed to have limited impact on the SR activation pattern as the EBW will be integrated in the large broad SR wavefront. However, this physiological substrate can be enforced by pathophysiological processes, such as fibrosis, enhancing EEA. During AF, the presence of multiple wavelets increases EEA, promoting EBW to occur. In addition, AF-induced structural remodeling further enhances the degree of EEA and thus the appearance of EBW. This vicious cycle of EEA stimulating EBW and vice versa may promote AF persistence. When observing multiple EBW spread over the atria, this may be an indicator of an extensive arrhythmogenic substrate and might be a future parameter in predicting outcome of AF therapy. When the arrhythmogenic substrate is more extensive throughout the atria, therapies addressing focal sources are likely to fail.
Limitations
In the present study, incidences of EBW were similar between patients with and without a history of AF. This might be because of the limited number of patients with (longstanding) persistent AF in this study, as most patients had a history of paroxysmal AF in whom less electric and structural remodeling is expected.
A small amount of EBW occurred after CB, defined as a difference of ≥12 ms in local activation time between 2 adjacent electrodes. Theoretically, these EBW could be the result of very slow conduction and thus be a discontinuous conduction wave. 16 Also, we could only perform epicardial mapping, and thereby we cannot correlate presence of EBW to endocardial breakthroughs.
Conclusions
EBW occur not only during AF, but also during SR. Features of EBW, as demonstrated in the present study, provide further evidence of transmural conduction as the underlying mechanism. EBW are the result of a certain degree of EEA and the presence of an anatomic substrate, which may be particularly enforced by IHD. Although a direct association with AF episodes could not be determined, it is likely that further aggravation of structural remodeling enhances local conduction disorders and thus EEA. This will, in the presence of muscular connections between the endo-epicardial layer, facilitate transmural propagation of wavefronts, resulting in EBW and hence development of AF. 
AFFILIATIONS
